The epidermis must be protected against excess apoptotic cell death in response to ultraviolet-B (UV-B) irradiation. p53 is known to be critical for this protection. Although the p53 family member DNp51B/DNp63a (an N terminaldeleted form of p51/p63) is abundantly expressed in keratinocytes, its contribution to UV-B-dependent apoptosis is largely unknown. We found that, after a transient increase, DNp51B is downregulated in UV-B-irradiated keratinocytes undergoing apoptosis, whereas p53 is upregulated with delayed kinetics. Furthermore, the reduction of DNp51B by small interfering RNAs augmented UV-B-dependent apoptosis in keratinocytes, indicating that DNp51B blocks keratinocyte apoptosis. Although the exogenous expression of DNp51B in keratinocytes did not further block the UV-B-dependent apoptosis, to our surprise the expression of TAp51B (an isoform with a full NH 2 -terminal transactivation domain that is structurally and functionally similar to p53) decreased apoptosis significantly. The blockade of keratinocyte apoptosis by the p51 was dependent on the phosphorylation of Akt, resulting in the activation of a survival pathway. Thus, in addition to its indispensable roles in epithelial development, p51 acts in adult cells to protect the epidermis against UV-B irradiation by preventing excess depletion of keratinocytes.
Introduction
The p53 tumor suppressor protein induces cell cycle arrest, apoptosis or senescence in response to a variety of cellular stresses, including DNA damage, hypoxia and aberrantly activated oncogenes. Because of this range of functions in cell survival and death, p53 is the most frequently mutated gene in human cancers. p51/p63 (hereafter p51) was discovered by virtue of its homology to p53, and can transactivate many p53 target genes (Osada et al., 1998; Yang et al., 1998) . The p51 gene uses multiple promoters and alternative splicing to generate an array of isoforms ( Figure 1a ). The TAp51 isoforms contain full NH 2 -terminal transactivation domains and transactivate many p53 target genes by binding to p53-responsive elements; these isoforms therefore induce cell cycle arrest and apoptosis similar to that induced by full-length p53. In contrast, DN isoforms lacking the full NH 2 -terminal transactivation domain can interfere with the transactivation functions of TAp51 and p53 in many cases (Osada et al., 1998; Yang et al., 1998) . However, DNp51 is also capable of inducing cell cycle arrest and apoptosis by transactivating its target genes using an ancillary transactivation domain (Dohn et al., 2001) .
The phenotypes of p51 À/À mice are characterized by severe defects in epidermis, breast and uroepithelial tissues, indicating that p51 is essential for epithelial development (Mills et al., 1999; Yang et al., 1999) . Although p51 À/À mouse models have been informative for uncovering the physiological roles of p51 during development, the perinatal lethality of p51 À/À mice has hampered the assessment of p51 functions after the completion of development. Even with the recently introduced method for inducing conditional p51 deletions in various epithelial tissues (Keyes et al., 2005) , the physiological roles of p51 after birth have remained unclear. The DNp51B isoform of p51 is highly expressed in basal cells of epidermis throughout life and presumably provides functions other than regulating epidermal development, but its functions after birth have remained unclear because of these experimental limitations.
The major function of the epidermis, which covers the whole body surface, is to protect against microbial, mechanical, chemical and ultraviolet (UV) insults and dehydration. UV-B (wavelengths: 290-320 nm) is the UV component, which is most responsible for the development of skin cancer, the most common neoplasm of humans (Kraemer, 1997) . p53 plays pivotal roles in the determination of cell survival or the induction of apoptosis of keratinocytes damaged by UV-B irradiation; the epidermis of p53-null mice is less susceptible to UV-B-induced apoptosis than that of wild-type mice, thereby making the mutant mice more isoforms and corresponding proteins. The p51 gene has two promoters: the distal promoter generates the TA isoforms and the proximal promoter within intron 3 generates the DN isoforms. C-terminus alternative splicing generates the A, B and C (data not shown) isoforms. The black boxes represent the 5 0 and 3 0 -untranslated exons. TA, transactivation domain; DBD, DNA binding domain; OL, oligomerization domain; SAM, steric a-motif domain. (b) p51 and p53 expression in UV-B-irradiated keratinocytes. Primary mouse keratinocytes were irradiated with 50 mJ/cm 2 of UV-B. Total cell extracts were immunoblotted with antibodies specific to p51, phospho-p51, p53 and tubulin-a (left panel). Tubulin-a was used as a loading control. The size of p51 was indistinguishable from that of the DNp51B, not other isoforms. The immunoblots were also quantified by performing densitometric scanning on the autoradiograph. The densities were normalized to those of tubulin-a (right panels). Arrows indicate the expected migration points corresponding to each of the p51 isoforms. (c) Loss of p51 from the nucleus in UV-B-irradiated keratinocytes. Cells were fixed with 4% paraformaldehyde at the indicated hours after irradiation and detected with a p51 antibody. Nuclei were stained with propidium iodide. Scale bar: 50 mm. Similar results were obtained in two independent experiments. UV, ultraviolet.
Suppression of apoptosis by p51/p63 E Ogawa et al susceptible to UV-B-induced tumorigenesis than wildtype mice (Ziegler et al., 1994; Jiang et al., 1999) .
In contrast to the well-known functions of p53, the contribution of p51 to the genesis of skin cancer remains to be clarified, although it is highly similar to p53 and abundantly expressed in the skin. To examine the roles of p51 after birth, we used a primary mouse keratinocyte culture system to elucidate the function of p51 in UV-Birradiated keratinocytes. We found that one of the functions of the DNp51B isoform after birth is to maintain the epidermal stem cell population and stratified epithelia (Okuyama et al., 2007) . In the present study, we describe for the first time that p51 blocks apoptosis by activating Akt (also known as protein kinase B), a cytoplasmic serine/threonine kinase, which triggers the cell survival pathway.
Results

UV-B irradiation transiently increases and then decreases the amount of DNp51 protein
We first examined the effect of UV-B irradiation on p51 expression by exposing primary mouse keratinocytes to UV-B at 50 mJ/cm 2 . The keratinocytes were maintained in an immature state similar to that of the basal cells of the epidermis, in which DNp51B is abundantly expressed. Three hours after exposure to UV-B, many keratinocytes exhibited the shrunken cell morphology characteristic of keratinocytes undergoing apoptosis. Western blot analyses revealed that the level of the endogenous form of p51, DNp51B, substantially decreased following a transient increase that peaked at 0.5 h after irradiation, while the other isoforms remained undetectable (Figure 1b ). In contrast, the level of p53 protein gradually increased after irradiation (Figure 1b) . Since UV irradiation has been reported to induce Ser-66/68 phosphorylation and subsequent degradation of DNp51B (Papoutsaki et al., 2005; Westfall et al., 2005) , we looked for Ser-66/68 phosphorylation after UV irradiation. Western blot analyses using an antibody specific to phospho-Ser-66/68 of DNp51B revealed that the phosphorylation of Ser-66/68 peaked at 1 h after irradiation, which was just after the transient increase in total DNp51B protein. Thus, it seems that UV irradiation induces a transient increase in DNp51B protein before the induction of Ser-66/68 phosphorylation and degradation of DNp51B. This characteristic pattern of DNp51B expression was essentially identical when the cells were exposed to different doses of UV-B (10, 30 and 50 mJ/cm 2 UV-B; data not shown). Although DNp51B was still expressed at 3 h after irradiation, it seems probably that the protein expressed at this time was mainly the phosphorylated form, which is known to be inactive. Thus, a morphological observation of the keratinocytes labeled with p51 antibody revealed a significant reduction in the amount of nuclear DNp51B (Figure 1c) . We speculate that the rapid upregulation of DNp51B confers initial protection to keratinocytes against UV-B exposure. Subsequent phosphorylation leading to the degradation and inactivation of DNp51B together with concomitant upregulation of p53 results in the induction of apoptosis in severely damaged keratinocytes.
DNp51 knockdown augments UV-B-induced apoptosis
We used two p51-specific small interfering RNAs (siRNAs) to examine the effect of reduced expression of DNp51B on the apoptosis caused by UV-B irradiation. P-1 and P-2 siRNAs target the DNA binding domains found in all isoforms of p51 and the C-terminal domains of DNp51B and TAp51B isoforms, respectively. Although these siRNAs are not specific to the DNp51B isoform, DNp51B is likely to be their major target, since the expression of the other isoforms was extremely low in mouse keratinocytes ( Figure 1b ; Bamberger et al., 2002; Mills, 2006) . Keratinocytes were irradiated with UV-B 24 h after transfection of the siRNA, the time point at which the reduction of DNp51B was determined to be the most prominent ( Figure 2a ). The reduction of DNp51B significantly augmented the number of apoptotic cells (Po0.05), as assessed with terminal deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate nick-end labeling (TUNEL) (Figure 2b ). This augmented apoptosis was further confirmed by immunofluorescent (Figures 2c and d ) and western blot ( Figure 2e ) detection of cleaved caspase 3, which is another indicator of cells undergoing apoptosis. These experiments demonstrate that DNp51B knockdown sensitizes keratinocytes to UV-B-induced apoptosis. Thus, the expression of DNp51B increases the chance that keratinocytes exposed to UV-B irradiation will survive.
p51 blocks apoptosis of UV-B-irradiated keratinocytes
We next used adenoviral transduction to examine the effects of exogenous expression of p51 on keratinocytes exposed to UV-B irradiation. Keratinocytes confirmed to overexpress p51 by western blotting ( Figure 3a ) were exposed to UV-B irradiation 24 h after adenovirus infection. The overexpression of DNp51B only marginally prevented the emergence of apoptotic cells as assessed with TUNEL ( Figure 3b ), and the difference was not statistically significant. Surprisingly, overexpression of TAp51B, whose expression in keratinocytes under physiological conditions is very low, significantly prevented apoptosis in UV-B-irradiated keratinocytes (Po0.05). This was surprising because TAp51B has been shown to induce apoptosis in other cell systems (Yang et al., 1998) . We confirmed these phenomena by examining the emergence of cleaved caspase 3 using immunofluorescent staining (Figures 3c and d ) and western blot analysis ( Figure 3e ).
Since p51 may suppress apoptosis by inducing cell cycle arrest, we examined the effects of p51 expression on the cell cycle. The cell cycle was not significantly perturbed by the overexpression of DNp51B or TAp51B, as judged by flow cytometry (Figure 3f ). This was consistent with our previous observation that p51 overexpression by itself does not affect keratinocyte proliferation (Okuyama et al., 2007) . These results indicate that inhibition of UV-B-induced apoptosis by p51 is not dependent on its ability to induce cell cycle arrest.
Suppression of apoptosis by p51/p63
E Ogawa et al p51 supports cell survival through Akt activation To clarify the mechanisms by which p51 blocks apoptosis of UV-B-irradiated keratinocytes, we focused on analyzing Akt signaling because Akt activation is thought to be responsible for preserving cellular homeostasis when cells are exposed to various stresses. We determined the extent of Akt activation after UV-B irradiation by detecting Akt phosphorylation at serine 473 using western blotting (Figure 4a ). UV-B irradiation strongly induced Akt phosphorylation from the low phosphorylation level of unirradiated keratinocytes. Because Akt phosphorylation increased and decreased in similar timing as DNp51B protein levels in irradiated keratinocytes, we looked for a possible link between p51 and Akt activation. The reduced expression of DNp51B in keratinocytes after transfection with p51-specific P-1 or P-2 siRNAs resulted in the loss of serine-473-phosphorylated Akt (Figure 4b) . Furthermore, the reduced expression of DNp51B in keratinocytes blocked the UV-B-dependent induction of Akt phosphorylation (Figure 4c ). On the other hand, the overexpression of TAp51B and DNp51B in non-irradiated cells induced Akt phosphorylation at serine 473 strongly and moderately, respectively (Figure 4d ). The phosphorylation of threonine 308 was not affected by the expression of either isotype of p51 (data not shown). In addition, the overexpression of these proteins in the P19 embryonic carcinoma cell line and in dermal fibroblasts did not influence the level of Akt phosphorylation at serine 473 ( Figure 4d ; data not shown), indicating that the p51-dependent Akt activation is cell-type dependent.
When similar experiments were conducted in UV-Birradiated keratinocytes, Akt phosphorylation was further increased by p51 overexpression (Figure 4e ). This correlation of p51 expression with Akt activation suggests that p51 may increase the chance that UV-Birradiated keratinocytes will survive by activating the Akt survival pathway. To examine this possibility, we inhibited Akt activation in UV-B-irradiated keratinocytes using wortmannin. This drug inhibits phosphoinositide 3-OH kinase functioning upstream of Akt, which in turn inhibits Akt activation. Wortmannin Suppression of apoptosis by p51/p63 E Ogawa et al not only abolished the effect of p51 overexpression (Po0.05), but also further increased the rate of apoptosis in all conditions to a level comparable to that achieved with the p51 siRNA (Figure 4f ). In contrast to keratinocytes, p51 overexpression did not block UV-B-induced apoptosis in similar experiments conducted in P19 cells, despite the observation that wortmannin enhanced apoptosis in these cells to the same extent as in keratinocytes (Figure 4f ). We further examined the effects of p51 expression on the phosphoryation of FoxO1, a well-known target protein of Akt kinase (Greer and Brunet, 2005) . Overexpression of TAp51B and DNp51B induced phosphorylation of FoxO1 strongly and moderately, respectively (Figure 4g ). These results strongly support the notion that p51-dependent protection of keratinocytes from UV-B-induced apoptosis is mediated through the Akt survival pathway. Suppression of apoptosis by p51/p63 E Ogawa et al
Discussion
Although p51 is expressed in the epidermis continuously throughout life, its functions after birth are not well understood. Here, we investigated the role of p51 in UV-B-irradiated keratinocytes and discovered that DNp51B protects keratinocytes from UV-B-induced apoptosis and that this protection is mediated by the activation of the Akt survival pathway. Furthermore, TAp51B, an isoform expressed in keratinocytes in very low quantity, protected keratinocytes from UV-B-induced apoptosis even more potently, despite the fact that it can induce apoptosis in other cell systems (Yang et al., 1998).
p51 protects UV-B-irradiated keratinocytes from excess apoptosis
The stratified epithelium of the epidermis is a continuously self-renewing tissue in which the immature cells of the basal layer are continuously proliferating and supplying new cells to the upper layers, and terminally differentiated cells are continuously shed off from the surface. The depletion of immature cells by UV-B damage interferes with this tissue homeostasis, implying that mechanisms exist to protect immature cells from UV-B irradiation and other insults. In this report, we showed that DNp51B, which is mainly expressed in immature cells, protect them from UV-B After wortmannin treatment, cells were irradiated and analysed as in Figure 2 . The differences between wortmannin (À) and ( þ ) were statistically significant in keratinocytes (Po0.05). (g) FoxO1 phosphorylation of Akt kinase was increased in p51-overexpressing keratinocytes. Primary keratinocytes were infected as in (d). Total cell extracts were immunoblotted with an antibody specific to phosphorylated FoxO1. Anti-FoxO1 was used as a loading control. The above data are representatives of at least three independent experiments. GFP, green fluorescent protein; siRNA, small interfering RNAs; UV, ultraviolet.
Suppression of apoptosis by p51/p63 E Ogawa et al induced apoptosis, which in turn prevent them from excess depletion. This finding is supported by the in vivo observation that exposure to UV-B irradiation decreases apoptosis in DNp51B-overexpressing transgenic mice relative to the level in nontransgenic mice (Liefer et al., 2000) . Although our experimental data revealed that reduced expression of DNp51B in keratinocytes caused increased UV-B-induced apoptosis in these cells, the exogenous level of DNp51B expression might only marginally protect against UV-B-induced apoptosis. We speculate that the endogenous level of expression of DNp51B is at saturation and maybe insufficient for full protection. Furthermore, DNp51B activity seems to be tightly regulated, since exogenous DNp51B is phosphorylated to some extent, and by inference in an inactivated state (data not shown). In addition, careful analyses of p51 protein in UV-B-irradiated keratinocytes revealed that DNp51B expression is rapidly induced and followed by Ser-66/68 phosphorylation, which leads to its degradation and inactivation. Thus, we speculate that DNp51B may afford initial but incomplete protection against UV-B stress, which may allow some damaged precancerous cells to escape from apoptosis. Another postnatal function recently postulated for p51 is the avoidance of aberrant early senescence, based on the observation that conditional p51 deletion after birth causes accelerated aging (Keyes et al., 2005) . However, from our result, we are inclined to speculate that the accelerated aging results from the excess depletion of the stem cell compartment due to the lack of protection against stress-induced apoptosis. In adult tissues lacking p51, damaged cells without sufficient DNA repair may be removed, leading to the depletion of the immature cells or to early senescence. These functions that preserve cell integrity are likely to be essential for maintaining tissue homeostasis in response to a range of insults. Regardless of the mechanism, the premature aging observed when p51 expression is abrogated in adult tissues is dramatically different from the severe defects of epithelial tissues seen when p51 expression is abrogated at the embryonic stage (Mills et al., 1999; Yang et al., 1999) .
p51-dependent protection of UV-B-irradiated keratinocytes is mediated by the Akt survival pathway
We found that the protection of UV-B-irradiated keratinocytes from excess apoptosis is mediated via activation of the p51-Akt survival pathway. Akt is a major downstream effecter of the insulin receptor and integrins; its activation increases resistance to apoptosis, whereas its ablation enhances susceptibility to apoptosis induced by various stresses . A main site of Akt activation in epidermis is differentiated keratinocytes, not immature cells in physiological condition. The activation of Akt in differentiating cells prevents premature apoptosis even in the depletion of integrin binding to extracellular matrices, allowing the cells to complete their differentiation. Consistent with this, Akt knockdown enhances apoptosis of keratinocytes during differentiation (Thrash et al., 2006) . Akt is kept inactivated in immature cells in the absence of stress; however, UV-B was shown to activate Akt through many signaling molecules, including the epidermal growth factor receptor (Wang et al., 2003) . In this study, Akt was transiently activated after UV-B irradiation and returned to the basal level, which seemed to be regulated by p51; UV-B-dependent transient upregulation of DNp51B and subsequent inactivation of DNp51B by phosphorylation leads to activation and inactivation of Akt, respectively. We speculate that p51-dependent Akt activation enables the completion of repair processes by preventing apoptosis of the damaged cells, thereby preventing depletion of immature cells and maintaining tissue homeostasis. Since p51-Akt signaling supports cell survival, deregulation of this signaling may predispose the skin to tumorigenesis by allowing the survival of precancerous cells with accumulated DNA damage, suggesting that p51 as well as Akt contributes to oncogenesis.
UV-B not only caused transient upregulation of p51 followed by its downregulation, but also the upregulation of p53. We speculate that the transient upregulation of DNp51B and activation of the Akt survival pathway initially allows the execution of repair processes. Subsequently, UV-B-irradiated cells with irreparable damage would promote p51 downregulation triggered by its phosphorylation (Papoutsaki et al., 2005; Westfall et al., 2005) . Furthermore, p53 activated after the initial delay period following damage would promote DNp51B degradation (Ratovitski et al., 2001; Waltermann et al., 2003) and inhibits Akt activation (Stambolic et al., 2001) , thereby eliminating cells with irreparable DNA damage by inducing apoptosis. This mechanism implies that mutation of p53 will not only make keratinocytes defective in p53-dependent apoptosis, but also will allow DNp51B to escape from p53-dependent degradation, leading to excess accumulation of DNp51B protein. Consistent with this, overexpression of p51 is frequently observed in squamous cell carcinomas with p53 mutations (Cui et al., 2005) , making the tumor refractory to further apoptosis by excess activation of the Akt survival pathway.
In general, TAp51 and DNp51 are thought to carry out opposite functions, in that TAp51 induces cell cycle arrest and apoptosis, similar to p53, whereas DNp51 suppresses these functions (Yang et al., 1998) . However, in this study, the DN and TAp51 isoforms acted similarly to alleviate the UV-B-induced apoptosis. We also found that both isoforms act similarly in inhibiting keratinocyte growth arrest and differentiation, which is critical for maintaining keratinocyte stem cells and the architecture of the squamous epithelium (Okuyama et al., 2007) . The similar effects of the DNp51 and TA isoforms may have been mediated by an ancillary transactivation domain within the NH 2 terminus of the DN variant (Dohn et al., 2001) . Considering that TAp51B is a much more labile protein than DNp51B, the potent Akt activation by TAp51B may rely on its strong transactivation domain (Yang et al., 1998) . Under physiological conditions, TAp51B is expressed Suppression of apoptosis by p51/p63 E Ogawa et al at very low levels, and given that almost all of the p51 mutations in human hereditary syndromes with skin abnormalities are found in the DNA binding or Cterminal domains (Brunner et al., 2002) , it is probably that a specific motif in these domains is responsible for activating the Akt signal pathway. Interestingly, TAp51B was proposed to function as a proto-oncogene despite its structural similarity to the tumor suppressor p53 (Koster et al., 2006) . Our observation that TAp51B activates Akt and its target molecule, FoxO1, is consistent with the proposed function of TAp51B as a protooncogene in the epidermis. In this report, we showed that the p51-dependent alleviation of UV-B-induced apoptosis is dependent on the activation of the Akt survival pathway. Further work is necessary to fully clarify the mechanism underlying p51-mediated cell survival. However, our findings extend the understanding of the stress response of epithelial tissue and carcinogenesis in the UV-Birradiated epithelium.
Materials and methods
Cell cultures and gene transfer
Primary keratinocytes were prepared from newborn ICR mouse epidermis as described (Okuyama et al., 2004) . In brief, the epidermis was separated from the dermis with 0.25% trypsin (Gibco BRL, Tokyo, Japan) overnight at 41C, plated in dishes precoated with collagen type I, and cultured in minimum essential medium supplemented with 4% Chelex (Bio-Rad, Hercules, CA, USA)-treated fetal calf serum, epidermal growth factor (EGF) (10 ng/ml; Gibco BRL) and 0.05 mM CaCl 2 . Under these conditions, keratinocytes are maintained in an immature state, which is characterized by active proliferation. For all the experiments, the cells were used 1 week after plating. siRNAs targeting nucleotides 576-596 (P-1) and 1728-1748 (P-2) of DNp51B (nucleotide 1 corresponds to the A base of the DNp51B cDNA start codon) were synthesized commercially (Thermo, Ulm, Germany). P-1 and P-2 siRNAs recognizes the DNA binding domains of all isoforms and the C-terminal domains specific to DNp51B and TAp51B, respectively. An siRNA targeting green fluorescent protein was used as a control. siRNAs were transfected using Lipofectamine 2000 (Invitrogen, Tokyo, Japan). Recombinant adenoviruses expressing either p51 (DNp51B and TAp51B) or LacZ were generated as described and used at a multiplicity of infection of 50 (Okuyama et al., 2007) . The adenovirus with LacZ was used as a control. In all the infection experiments, primary mouse keratinocytes were infected for 1 h in medium free of serum and EGF and cultivated for at least 24 h in the minimum essential medium with supplements before experiments.
UV-B irradiation
Cells were rinsed twice with phosphate-buffered saline (PBS), covered with PBS and exposed to 50 mJ/cm 2 UV-B from FL20SE lamps (Toshiba Light and Technology, Tokyo, Japan) emitting light of wavelengths from 275 to 400 nm (mostly within the UV-B range), peaking at 315 nm. The intensity at the target area was 2.5 W/m 2 . After the PBS was removed, media were added to the cells as soon as the UV-B treatment was complete. Samples were collected at 0 (no radiation), 1, 3, 6 and 9 h after UV-B treatment. For the inhibition of Akt activation, keratinocytes were cultivated with wortmannin at a final concentration of 1 mmol/l (Merck, Tokyo, Japan) 2 h before UV-B irradiation.
